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ABSTRACT: Although small round gold nanoparticles (Au
NPs) possess only a small degree of shape anisotropy, they
support localized surface plasmon resonances and exhibit
intrinsic optical anisotropy. These inherent features promote
depolarized light scattering, whose temporal ﬂuctuations carry
information about rotational Brownian dynamics, and thus can
be used to describe the size distribution of round Au NPs. We
demonstrate that this allows for a much more accurate
determination of particle size and polydispersity through
depolarized dynamic light scattering when compared to
standard particle sizing with light scattering.
■ INTRODUCTION
Nanoparticles (NPs) are fundamental actors of nanotechnol-
ogy, and potential applications concerning energy, food,
electronics, textiles, and biomedical diagnostics and therapeu-
tics for personalized healthcare, among many others, are
actively explored and developed.1 In particular, noble metal
NPs, such as gold,2 have been receiving considerable attention
due their unique dielectric properties. The refractive index of
gold is composed of a dielectric function with a negative real
and a positive imaginary constant. When excited by visible-NIR
electromagnetic waves, the NP surface supports coherent and
conﬁned oscillations of the conduction-band electrons. This
phenomenon is referred to as localized surface plasmon
resonance (LSPR).3 The LSPR is easily identiﬁed in the
UV−vis extinction spectrum (Figure 1). Owing to localized
surface plasmon resonances, polarized light becomes partially
depolarized upon scattering, and enhanced depolarized
scattering is attributed to interference eﬀects from excited
LSPRs.4
In suspension, due to Brownian motion, the scattering
intensity exhibits temporal ﬂuctuations, and the statistical
properties of the temporal ﬂuctuations carry valuable
information, which can be used to describe particle size.5 If
the NPs are optically anisotropic, then the intensity of the
depolarized scattering will also exhibit temporal ﬂuctuations.
Indeed, depolarized dynamic light scattering (DDLS) from Au
nanorods, which are evidently anisotropic in morphology, have
been now analyzed on numerous occasions in various
laboratories.6−10 However, to the best of our knowledge,
DDLS studies addressing round particles with a high degree of
spherical symmetry have not been presented.
In this work, it will be shown that despite the lack of
pronounced shape anisotropy of small round Au NPs, the
presence of intrinsic and inevitable imperfections, existing on a
length scale comparable to the particle size, makes DDLS a very
sensitive characterization tool for this class of NPs. Owing to
the polycrystalline nature, small round Au NPs possess intrinsic
and inevitable imperfections, such as grain boundaries and
small deviations from the spherical shape. These are strong
Figure 1. UV−vis extinction spectrum of Au NPs.
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enough to result in optical anisotropy, yet do not restrict the
applicability of the straightforward spherical model. This
“perfect” balance between these features provides the base of
an in situ and practically real-time alternative to the most
frequently used techniques: UV−vis spectroscopy11 and
transmission electron microscopy (TEM).
■ MATERIALS AND METHODS
Citrate-stabilized Au NPs ([Au] = 0.5 mM) were synthesized as
reported by Turkevich et al.12 Aqueous solutions (3.4 × 10−3
mM) of thiolated methoxy- (PEG-CH3, Mw = 5000 g/mol)
poly(ethylene glycol) were sonicated for 15 min, subsequently
mixed with 100 mL of Au NP suspension and left to react at 25
°C for 24 h. This mixing ratio is expected to provide
approximately 10 molecules for each nm2 of particle surface.
The PEGylated particles were centrifuged twice for 1 h at 104g
to remove excess polymers, and then redispersed in 10 mL
water. Finally, the particles were transferred to a phosphate
buﬀer (10 mM sodium phosphate monobasic/disodium
phosphate hydrogen, pH 7).
UV−vis spectra of the samples were recorded at 25 °C using
a Jasco V-670 spectrophotometer, using 10 mm-path-length
quartz cuvettes.
Micrographs of the Au NPs were taken with a Tecnai F20
transmission electron microscope (FEI), operating at 200 kV.
High-resolution images were recorded with an UltraScanTM
1000 CCD sensor (Gatan, Inc.) with an image resolution of
2048 times 2048 pixels. To prepare the sample, the suspension
was spin-coated and dried on carbon-ﬁlm square mesh copper
grids (Electron Microscopy Sciences, CF-300-Cu). The size
distribution of the NPs was obtained from these micrographs
by using ImageJ particle analysis software (National Institutes
of Health NIH, U.S.A.).
Light scattering measurements were performed at constant
temperature (21 °C) using a commercial goniometer instru-
ment (3D LS Spectrometer, LS Instruments AG, Switzerland).
The primary beam was formed by a linearly polarized and
collimated laser beam (HeNe, 632.8 nm, 21 mW), and the
scattered light was collected by single-mode optical ﬁbers
equipped with integrated collimation optics. The collected light
was coupled into two high-sensitivity APD detectors
(PerkinElmer, Single Photon Counting Module), and their
outputs were fed into a two-channel multiple-tau correlator
(Correlator.com). The signal-to-noise ratio was improved by
cross-correlating these two channels. With respect to the
primary beam, depolarized scattering was observed via cross-
polarizers. The incoming laser beam passed through a Glan-
Thompson polarizer with an extinction ratio of 10−6, and
another Glan-Thompson polarizer, with an extinction ratio of
10−8, was mounted in front of the collection optics. The
instrumental depolarization was controlled by measuring a
suspension of Fetal Bovine Serum (FBS, Invitrogen, Switzer-
land) diluted in phosphate buﬀer (10% Vol./Vol.).
■ THEORY, RESULTS, AND DISCUSSION
Optical anisotropy may arise from either shape or refractive
index. High-resolution transmission electron microscopy
(HRTEM) images show (Figure 2) that Au NPs display (i)
internal nanostructural anisotropy, i.e., the distinct domains of
atomic arrays (Figure 2B/C) stemming from the polycrystalline
nature typically found in Au NPs in the range above 20 nm,13,14
and (ii) morphological perturbations breaking the spherical
symmetry, due to the face-centered cubic (fcc) lattice.15,16
These inherent features of round Au NPs result in a small but
relevant optical anisotropy aﬀecting the Au NP properties.17
Indeed, their depolarization factor (Df ≡ Ivh/Ivv), where Ivh and
Ivv are the depolarized and polarized scattering intensities,
respectively, is above 0.1 (Figure 3). The depolarization factor
of FBS is practically zero, which conﬁrms that there is no
instrumental depolarization.
Given the optical anisotropy of the Au NPs, the temporal
ﬂuctuations in depolarized scattering can be deployed. Photon
correlation spectroscopy self-correlates the time-dependent
ﬂuctuations of the intensity of the scattered laser light.5 For
noninteracting uniform particles, the depolarized (vh) and
polarized (vv) ﬁeld autocorrelation functions are written as
follows:
= −Γ −Γtg1 ( ) e et tvh T R (1)
= + −−Γt y y tg1 ( ) e (1 )g1 ( )tvv vhT (2)
where 1 > y > 0. In case of spherical particles, the exponents are
as follows:18−21
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Figure 2. High-resolution TEM micrographs of Au NPs. The
morphological perturbations disrupting the spherical symmetry and
resulting in a small yet important shape anisotropy are apparent, and
the domains of atomic arrays can easily be identiﬁed (A/B). After
Fourier ﬁltering and contrast enhancement, the internal lattice
structures highlight the polycrystalline nature of these Au NPs (C).
A few domains are indicated in red. The spacing between planes is
























where rH is the hydrodynamic radius, kB the Boltzmann
constant, T the temperature, η the viscosity of the solvent, q the
momentum transfer q = (4π/λ)n sin(θ/2), θ the scattering
angle, λ the wavelength of the scattered waves, and n the
refractive index of the solution. Equations 3 and 4 correspond
to translational (DT) and rotational (DR) diﬀusion, respectively.
Rotational diﬀusion is independent of the angle of observation
and dominates at low angles where q ≈ 0. The hydrodynamic
radius deﬁnes the relaxation rate of both correlation functions.
It is important to point out that for particles with optical
anisotropy, the rotational and translational dynamics are found
entangled in the ﬁeld correlation functions. Therefore, if the
rotational diﬀusion is not accounted for, the interpretation
becomes misleading, e.g., by intuitively assuming aggregates or
more than one population of NPs. If properly accounted for,
however, this approach provides enhanced resolution for
obtaining the particle size and polydispersity of small
nanoparticles.
For polydisperse NPs, which are actually more frequent than
uniform particles, the ﬁeld correlation functions are expressed
as the Laplace transform of the probability density function
describing the dispersion in the relaxation rate. Accordingly, the
correlation function of the depolarized scattering is written as
follows:
∫= Γ Γ∞ Γ −Γtg1 ( ) d P ( )e tvh
0 (5)
where Γ = ΓR + ΓT. Equation 5 can be expanded into a series of
the central moments of the probability density function PΓ(Γ)
(cumulant expansion):22
















where ⟨Γ⟩ is the average rate of relaxation,
∫⟨Γ⟩ ≡ Γ Γ Γ∞ Γd P ( )
0 (7)
and the central moments, Mn are deﬁned as follows:




Equation 6 is frequently written by using the natural logarithm
of the correlation function:
= −⟨Γ⟩ + + +t t M t M tln g1 ( )
2 6
...vh
2 2 3 3
(9)
and the dispersion in Γ is quantiﬁed by the average-normalized
standard deviation:
σ Γ ≡ ⟨Γ⟩M( ) /2 (10)
Figure 4A shows g1vh(t) recorded at the lowest angle available
on our instrument, as well as the best ﬁts obtained by the
cumulant expansion (eq 9). The cumulant expansion estimates
that the dispersion in ⟨Γ⟩ is σ(Γ) = 49%. It follows from eqs 1,
3, and 4 that the relationship between ⟨Γ⟩ = ⟨ΓR⟩ + ⟨ΓT⟩ and q2
is described by a straight line (Figure 4B), and as a matter of
fact, ΓR and ΓT are respectively equal to the intercept and slope
of this line. Relying on the best linear ﬁt that estimates the
linear relationship between ⟨Γ⟩ and q2, ⟨rH⟩ = 23 nm is
obtained by simultaneously solving eqs 3 and 4. The statistical
moments Mn uniquely deﬁne the corresponding probability
density function. The cumulant expansion can provide, in
Figure 3. Depolarization factor, Df ≡ Ivh/Ivv, of the gold nanoparticles
and fetal bovine serum shown as a function of the momentum transfer
(scattering angles: θ = 15°−135°).
Figure 4. Panel A: Natural logarithm of the depolarized ﬁeld autocorrelation function recorded at θ = 15° (full symbol), and the best ﬁt of the
cumulant expansion (solid line). The dashed straight line corresponds to the average size given by the cumulant expansion. Panel B: Relaxations of











principle, a complete description of the intensity-weighted
probability density function PΓ(Γ). In practice, however, it is
not trivial to determine central moments of higher order as
these statistical moments dominate only at long lag times,
where noise usually corrupts photon correlation data.23 This
noise causes a high-order cumulant ﬁt to be highly oscillatory
and nonphysical due to the polynomial character.
To circumvent the problem, another approach is taken on,
and a reliable estimate for PΓ(Γ) is found. The motivation is to
estimate directly the probability density function of the
hydrodynamic radius, PrH(rH), via the rule of transforming
random variables.24 Let Φ represent the relationship between
Γ(= ΓT + ΓR) and rH (eqs 3 and 4). Then the probability
density function of the intensity-weighted hydrodynamic radius
is given by the following:
= Φ · ΦΓP r P r r
r( ) ( ( ))
d
d




Given that these Au NPs are considerably smaller than the
wavelength of the laser, the scattered intensity is proportional
to the square of the particle volume.25 Therefore, the number-
weighted probability density function can be obtained from the
intensity-weighted probability density function by normalizing
with the square of the particle volume and form factor:














where V(r) = (4/3)πr3 is the volume and ϕ(q,r) = {(3/
(qr)3)[sin(q r) − q r cos(q r)]}2 is the form factor of a spherical
particle of radius r. Equation 12 simpliﬁes if we take into
account that on the available q-range of the light scattering
instrument, ϕ(q,r) of such small NPs is practically one as q r≪
1. Relying on TEM, it can be excluded that the Au NPs are






























The parameters ⟨Γ⟩ and σ are deﬁned in eqs 7 and 10, and in
case of unimodal distribution 0 < σ ≤ 1. When σ is close to 1,
the Schulz−Zimm distribution approaches an exponential
distribution, and when σ is small, it approaches a Gaussian
distribution. According to eq 5, the depolarized correlation
function is now written as follows:
σ σ= + ⟨Γ⟩ ≤ ≤σ−t tg1 ( ) (1 ) (0 1)vh 2 1/
2
(14)
Figure 5A shows g1vh(t) recorded at θ = 15°, the best ﬁt of the
expression given by eq 14, and the residual between data and
best ﬁt. The corresponding Schulz−Zimm distribution is
highlighted in Figure 5B.
The number-weighted probability density function of the
hydrodynamic radius is estimated via eqs 11 and 12, and the
result in comparison with the TEM results is shown in Figure 6.
The number-average hydrodynamic radius is estimated by the
following:
∫⟨ ⟩ = *∞r r r P rd ( )rH
0
H H HH (15)
and the polydispersity by the following:
Figure 5. Panel A: Experimental depolarized ﬁeld autocorrelation function recorded at θ = 15° (full symbol), the best ﬁt of eq 13 (solid line), and
the residual between the experimental data and the best ﬁt (in blue color). Panel B: The distribution of the relaxation rates resulting in the best ﬁt
(⟨Γ⟩ = 91165 s−1 and σ(Γ) = 50%).
Figure 6. Au NP size distributions obtained by TEM and DDLS. Data
are normalized by the amplitude. Left: The TEM histogram is built
from counting and classifying 1775 Au NPs (average = 7.5 nm and SD
= 1.3 nm). The number-weighted distribution of the hydrodynamic
radius is obtained via eqs 11 and 12, using the results shown in Figure
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resulting in ⟨rH⟩ = 21 nm and σ(rH) = 15%
The two distributions have the same shape, indicating that
the main source of polydispersity arises from the size
distribution of the Au NPs and that the polymer shell does
not increase the dispersion in particle size. This becomes
obvious when plotting both distributions around their
respective average value (Figure 6, right), where we ﬁnd a
very good agreement between TEM and DDLS. The diﬀerence
between the average core radius of ⟨rTEM⟩ and ⟨rH⟩ (Figure 6,
left) thus provides us with an estimate of the polymer shell
thickness around the particles. The resulting value of ⟨rH⟩ −
⟨rTEM⟩ = 13.5 nm can be compared with an estimate of the
contour length and the radius of gyration of the free polymer
chain as the upper and lower limits of the shell thickness. Here
we consider that the molar mass of the PEG monomer unit, M,
is between 44 and 45 g/mol, and thus, the average number of
monomer units is Mw/M = 111−114. The length of a CC
bond is 0.154 nm, and that of a CO bond is 0.143 nm.
Taking into account the bond angles, we estimate that the
length of the PEG monomer is 0.316 nm, the contour length of
the polymer of Mw = 5000 g/mol is approximately 35−36 nm,
Figure 7. Experimental (symbol) and reconstructed (solid line) depolarized (vh) and polarized (vv) autocorrelation functions (θ = 15° − 135°).
The reconstructed correlation functions are obtained via eqs 11, 17, and 18, with only one adjustable parameter: y (0.85 > y > 0.82). We used PrH(rH)











whereas the average radius of gyration ⟨RG⟩ would be ∼3.3 nm
assuming a random-coil conformation. The experimentally
determined shell thickness of 13.5 nm is thus indeed between
these two limiting values, in agreement with what is expected
from the grafting density of 1.2−2 PEG chains/nm2.28,29 It is
also consistent with earlier reports that PEG chains partially
adsorb onto the Au surface via hydrogen bonding with the
citrate ions, which results in a bending conformation with a
thicker polymer layer than that of ⟨RG⟩ of the individual
polymer in solution.28−30
The consistency of our approach with the experimental data
is tested by reconstructing the polarized and depolarized
correlation functions based on PrH(rH) (eq 11):


































which are then weighted against the experimental data recorded
at diﬀerent angles (Figure 7). PrH(rH) was obtained at θ = 15°,
and the only free parameter to be adjusted is y, which is angle
and particle-type dependent.4,31 In the case of our Au NPs,
values between 0.85 and 0.82 result in an overall excellent
agreement.
It follows from eqs 3 and 4 that compared to translational
relaxation, rotational relaxation is more sensitive to relative
changes in morphology or size (Figure 8A), which enables a
highly sensitive in situ characterization of, among others, NP
surface functionalization or interaction with biological matrixes.
This is a ﬁeld of high interest,32 for as soon as NPs enter the
body and bloodstream, they ﬁnd a complex environment
populated by bio- and small molecules such as proteins, salts,
vitamins, and lipids. To understand and control the behavior
and fate of NPs in such settings is fundamental for harnessing
their potentially beneﬁcial properties and for mitigating the
risks they may pose to human health and the environment.33
Additionally, when NPs are polydisperse, the rotational and
translational diﬀusion coeﬃcients exhibit dispersion. Interest-
ingly, while the number-weighted size polydispersity of the NPs
is rather moderate (i.e., σ(rH) = 15%) the polydispersity of Γ,
being dominated by ΓR at low scattering angles, is considerably
larger (Figure 5B). This enhancement in the dispersion width is
due to the increased sensitivity of the relaxation rate as a
function of rH:Γ ∝ 1/rH3 (Figure 8A). To demonstrate this
ampliﬁcation in the dispersion, ΓR and ΓT were calculated as a
function of dispersion in rH in the case of normally distributed
rH values. Dispersion is deﬁned as the mean-normalized
standard deviation: σ(x) = SD/⟨x⟩. Figure 8B shows that
rotational relaxation has another advantage over translation
relaxation, for it is extremely sensitive for detecting and
resolving even small polydispersities.
■ CONCLUSIONS
Small round metallic nanoparticles promote depolarized
dynamic light scattering, owing to inherent properties such as
localized surface plasmon resonances and intrinsic optical
anisotropy. The high sensitivity of the relaxation of the
depolarized scattering to rotational diﬀusion enables an
accurate estimate of polydispersity and size. Given the wide
range of applications of Au NPs in complex environments, this
approach oﬀers new opportunities for an otherwise often
challenging characterization, through simple, noninvasive and
in situ depolarized dynamic light scattering experiments.
■ AUTHOR INFORMATION
Corresponding Author
*Phone: +41 26 300 8964; e-mail: sandor.balog@unifr.ch.
Author Contributions
This manuscript was written through contributions of all
authors. All authors have given approval to the ﬁnal version of
the manuscript.
Author Contributions
∥These authors contributed equally.
Notes
The authors declare no competing ﬁnancial interest.
Figure 8. Panel A: Comparison of the relative changes in rotational and translational relaxation rates as a function of the relative changes in NP size
ΔΓ ≡ Γ(rH)/Γ(rH + s rH). Panel B: Dispersion in the relaxation rates describing rotational and translational diﬀusion (eqs 1−4) as a function of the
dispersion of the hydrodynamic radius in the range of 5% ≤ σ(rH) ≤ 20% . Dispersion is deﬁned as the mean-normalized standard deviation σ(x) =
SD/⟨x⟩. The dispersion of the translational relaxation rates σ(ΓT) is nearly equal to the dispersion of the hydrodynamic radius, while the dispersion
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